Introduction
============

Since the first synthesis of polyacetylene^[@cit1]^ a rapid development of conjugated polymers has been observed. Non-doped conjugated polymers are semiconductors and find applications, *e.g.*, in organic light emitting diodes,^[@cit2]^ field-effect transistors^[@cit3]^ and as active layers in organic solar cells.^[@cit4]^ Doped conjugated polymers exhibit high electronic conductivity and are used, *e.g.*, in the fabrication of chemo- and biosensors,^[@cit5]^ energy storage devices,^[@cit6]^ as hole transporting layers in organic solar cells,^[@cit7]^ and nanoelectronics.^[@cit8]^ While most of the current applications utilize the conjugated polymers in bulk or in the form of thin layers, promising applications like ordered heterojunction solar cells^[@cit9]--[@cit11]^ or single-molecule electronics^[@cit12]--[@cit14]^ would require platforms of conductive molecular wires arranged perpendicularly to the surface. In addition, oriented and stretched conjugated polymer chains would significantly improve directional conductivity, which is commonly hindered in bulk or cast films due to the disrupted transport of charge carriers, which have to hop between neighboring chains.^[@cit15]^ Such platforms would also be ideal systems for the investigation of charge transport on the molecular scale, which is a subject of great interest for both practical applications and fundamental understanding of the process.^[@cit16]--[@cit19]^

Surface-grafted conjugated polymer brushes with the chains attached by one end to a surface and stretched away perpendicularly to a substrate may address those needs. Polymer brushes can be obtained *via* "grafting from" or "grafting to" approaches.^[@cit20]^ However, only the "grafting from" method enables the formation of very dense brushes with the chains in an extended conformation. The most common polymerization techniques used in the "grafting from" approach are surface-initiated controlled radical polymerizations (SI-CRP)^[@cit21]--[@cit24]^ which enable control over the brush thickness, composition, architecture and end-functionality. In particular, photoiniferter-mediated polymerization (PMP) introduced by Otsu *et al.* ^[@cit25]^ in solution is a versatile method that was used to graft polymer brushes from various substrates.^[@cit26]--[@cit29]^ This polymerization enables spatial and temporal control over the brushes by modifying the irradiation conditions and does not require the addition of any catalysts.

SI-CRP can hardly be used directly for the formation of conjugated polymer brushes since such polymers are generally synthesized by step-growth polymerization. Many attempts, mainly involving organometallic chemistry, have been undertaken to develop alternative methods of formation for surface tethered conjugated polymer chains.^[@cit30]--[@cit38]^ Such approaches have some constraints related to the chemical functionality of the applied monomers.^[@cit39],[@cit40]^ We have only recently proposed the concept of self-templating surface-initiated polymerization (ST-SIP) of bifunctional monomers, which enables the formation of ladder-like conjugated brushes.^[@cit41]^ It is based on the formation of multimonomer template chains in the first polymerization step, followed by the second polymerization leading to conjugated chains in an overall ladder-like architecture.

In the current work we present a versatile synthetic strategy that led to the formation of conjugated polyelectrolyte brushes serving as a platform of high conductivity molecular wires oriented perpendicularly to the surface. To the best of our knowledge, the synthesis of such polyelectrolyte ladder brushes has not been reported yet. They were obtained here by the polymerization of a newly synthesized bifunctional pyridine-based monomer using a catalyst-free quaternization polymerization (QP) in the second step of the ST-SIP approach. QP was originally introduced for ethynylpyridines in solution by Subramanyam and Blumstein^[@cit42],[@cit43]^ but has not been applied for surface grafted chains yet. The formation of these conductive chains was realized by means of a simple activation of the pendant acetylene groups aligned along the template chains by quaternization of the attached pyridine rings. Moreover, neither catalysts nor free initiators were needed, so there was no restriction of the surface reactions due to the limited diffusion of such compounds. The formed polymeric nanowires were characterized spectroscopically and using tunneling atomic force microscopy, which enabled the determination of their conductance in the direction perpendicular to the surface.

Results and discussion
======================

Surface-initiated photoiniferter-mediated polymerization
--------------------------------------------------------

A new bifunctional pyridine-based monomer, 5-\[2-(trimethylsilyl)ethynyl\]pyridin-2-yl 2-methylprop-2-enoate (MTEP) was synthesized and used for the formation of the brushes. It contains a methacryloyl group which can be polymerized by CRP and an acetylenic group which may be subsequently used for the formation of conjugated chains. PMP initiated from the photoiniferter monolayer on an indium tin oxide (ITO) surface was used to polymerize MTEP in the first step, leading to brushes with multimonomer chains ([Scheme 1A and B](#sch1){ref-type="fig"}). This controlled polymerization can be easily triggered by UV light, and no additives which could otherwise react with the alkyne groups are necessary. A conductive ITO surface was used here due to the better thermo- and photostability of the polymer chains tethered to this surface *via* an --O--Si bond compared to the Au--S one formed in the monolayers on gold.^[@cit44]^ Furthermore, ITO substrate is commonly used in the construction of photovoltaic devices, which are a key application of the conductive brushes.

![Scheme of the synthesis of ladder-like conductive ionic polymer brushes. (A) Surface-initiated photoiniferter-mediated polymerization of the MTEP monomer, (B) multimonomer with protected triple bond groups, (C) deprotection step, (D) template polymerization: formation of ladder-like ionic brushes with conjugated polyacteylene chains and (E) iodine doped conductive ionic polymer brushes.](c4sc04048a-s1){#sch1}

A number of polymerizations were performed with varied reaction times, light powers, and monomer concentrations. While polymer brushes as thick as *ca.* 22 nm were obtained (see Fig. S6[†](#fn1){ref-type="fn"}), for further studies three samples were chosen with dry thicknesses of 3 nm (PMTEP-3), 5 nm (PMTEP-5), and 7 nm (PMTEP-7), as determined by the AFM scratching method ([Table 1](#tab1){ref-type="table"} and Fig. S7[†](#fn1){ref-type="fn"}). Such thin layers allow differences in their electrical conductivity to be shown (see below) and are relevant to their potential applications as hole transporting layers in organic photovoltaics.^[@cit30]^ The formation of the PMTEP-7 brushes was followed by XPS (see ESI[†](#fn1){ref-type="fn"}) and grazing-angle reflectance FTIR spectroscopy ([Fig. 1](#fig1){ref-type="fig"}). The bands characteristic of the pyridine ring (aromatic C--H, 3040--3020 cm^--1^; aromatic C--C, 1592, 1572, 1475 cm^--1^), polymer main chain (aliphatic C--H, 2988--2862 cm^--1^), ester group (C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000O, 1766 cm^--1^), and protected acetylene groups (C0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 1111111111111111111111111111111111 1111111111111111111111111111111111 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000 0000000000000000000000000000000000C, 2165 cm^--1^), were observed in the IR spectrum of the brushes. No bands characteristic of the CC vibration at about 1600--1650 cm^--1^ were observed, confirming that the triple carbon--carbon bonds were not affected under the photopolymerization conditions. The AFM topography measurements of the PMTEP brushes ([Fig. 2](#fig2){ref-type="fig"}) indicate that the brushes uniformly cover the surface of the ITO. The formation of the brush layer can be clearly distinguished in the adhesion mapping (Fig. S9[†](#fn1){ref-type="fn"}).

###### Conditions for SI-PMP of MTEP and the thicknesses of the obtained brushes

  Sample    Polymerization time \[h\]   MTEP concentration \[mol dm^--3^\]   Power of the UV lamps[^*a*^](#tab1fna){ref-type="table-fn"}   Dry brush thickness \[nm\]
  --------- --------------------------- ------------------------------------ ------------------------------------------------------------- ----------------------------
  PMTEP-3   4                           0.20                                 48 W                                                          3.3 ± 0.4
  PMTEP-5   20                          0.20                                 24 W                                                          5.0 ± 0.9
  PMTEP-7   24                          0.23                                 24 W                                                          7.2 ± 0.9

^*a*^ *λ* ~max~ = 300 nm.

![Grazing-angle reflectance FTIR spectra of the PMTEP-7 brushes (A), after deprotection of the triple bonds (B), after subsequent template polymerization (C), and after doping of the brushes with iodine (D).](c4sc04048a-f1){#fig1}

![AFM height images (2 μm × 2 μm) in PFT mode of the clean ITO surface (A), PMTEP-7 before (B) and after QP (C).](c4sc04048a-f2){#fig2}

Template quaternization polymerization of PMTEP
-----------------------------------------------

After the SI-PMP, the acetylene groups in the multimonomer chains ([Scheme 1B](#sch1){ref-type="fig"}) were deprotected by treatment with potassium carbonate solution ([Scheme 1C](#sch1){ref-type="fig"}). Successful deprotection was indicated by the appearance of a band at about 3300 cm^--1^ in the FTIR spectrum that may be assigned to the C--H vibration of the terminal acetylene group ([Fig. 1B](#fig1){ref-type="fig"}). Furthermore, the band at 2165 cm^--1^ ([Fig. 1A](#fig1){ref-type="fig"}), assigned to CC vibrations, was shifted to 2098 cm^--1^. This band is characteristic of the terminal acetylene group and was observed in ethynylpyridine monomers.^[@cit42]^ Moreover, the band assigned to aliphatic C--H vibrations shifted slightly due to the disappearance of the trimethylsilyl groups in the brushes. All these changes confirmed the complete deprotection of the acetylene groups.

Finally, the deprotected acetylene groups in the multimonomer chains were polymerized using template polymerization ([Scheme 1D](#sch1){ref-type="fig"}). This was accomplished by simple quaternization of the pyridine rings using ethyl iodide. After QP the bands at 3300 cm^--1^ and 2098 cm^--1^ completely disappeared from the FTIR spectrum ([Fig. 1C](#fig1){ref-type="fig"}) indicating polymerization of the acetylene groups. In addition, a very strong and broad band at about 1670 cm^--1^ appeared in the spectrum. This band may be assigned to the formed pyridinium salt with contribution from the bands assigned to the carbonyl group (shifted) and the conjugated polyacetylene chain (shoulder at 1600--1650 cm^--1^), as previously reported for similar polymers obtained in solution.^[@cit42]^ A relatively high effective conjugation length^[@cit45]^ in the obtained brushes is also indicated in the measured UV/Vis spectrum (see Fig. S8[†](#fn1){ref-type="fn"}) which is significantly red-shifted (*λ* ~max~ ≈ 570 nm) compared to those typically reported for ionic poly(ethynyl pyridines) synthesized in solution (rarely exceeding 500 nm).^[@cit42]^ This may be the consequence of a more extended conformation of the chains in the brushes compared to the situation in solution.

Some nanometer sized features appeared in the AFM image of the brushes after QP ([Fig. 2C](#fig2){ref-type="fig"}). This may indicate some stiffening of the formed brushes due to the formation of the conjugated chains or partial bridging of the neighboring chains (see further). It is worth mentioning that the brushes swell in water (see Fig. S11[†](#fn1){ref-type="fn"}) due to the presence of the charged groups along the chains. Repulsion between those groups located along the chains leads to their further stretching, and intermolecular repulsion should prevent bridging of the neighboring chains.

The obtained ladder-like polymer brushes were subsequently doped with iodine ([Scheme 1E](#sch1){ref-type="fig"}). The FTIR spectrum of the brushes after doping ([Fig. 1D](#fig1){ref-type="fig"}) exhibited some shifting of the CC band from 1670 cm^--1^ to 1650 cm^--1^, which may indicate changes related to the doping of the conjugated chain that influence the neighboring pyridine rings. In addition, the intensity of this band significantly decreased with respect to the band assigned to the conjugated chain that now appears as a clear shoulder at *ca.* 1620 cm^--1^.

Mechanism of the template quaternization polymerization in the brushes
----------------------------------------------------------------------

In order to verify the originally proposed mechanism of the QP^[@cit42]^ of the 2- and 4-ethynylpyridines and their derivatives in solution, some additional experiments were performed for the brushes (see ESI[†](#fn1){ref-type="fn"}). Based on the obtained results it may be concluded that the previously proposed hypothesis on initiation of QP by the counter ions is not applicable in the current system. Instead, a free electron pair at the nitrogen atom of the pyridine seems to play a key role in the initiation process. Thus, the presence of non-quaternized nitrogen atoms in the grafted chains is crucial to start the QP of the acetylene groups. Therefore, taking also into account the previous studies on the polymerization of monosubstitued ethynylpyridines in solution^[@cit46]^, we could propose the mechanism of the template polymerization in the brushes (see [Scheme 2](#sch2){ref-type="fig"}). The initiation step involves quaternization of the pyridine ring, which activates the attached acetylene group, followed by the nucleophilic attack of the nitrogen atom with a free electron pair on the activated acetylene groups (bound to the quaternized pyridines). As a result a carbanion is formed on the acetylene group which may react with a neighboring monomer unit, leading to the formation of the conjugated chain. Thus, the chains may be formed by the groups located along the same template chain or with a contribution of the groups from the neighboring chains (which is less likely since the chains are separated due to electrostatic repulsions). Moreover, problems related to the inhomogeneity of brushes subjected to post-polymerization treatment with external reagents are in this case very limited, as only small molecules of ethyl iodide have to diffuse to the chains and activate the acetylene groups.

![Proposed mechanism of the template QP of the brushes.](c4sc04048a-s2){#sch2}

Electrical properties of the brushes
------------------------------------

The doped conjugated PMTEP brushes were found to be highly conductive, as shown using tunneling AFM (tuna-AFM) mapping ([Fig. 3](#fig3){ref-type="fig"}) and by collecting current--voltage (*I*--*U*) plots (see Fig. S14[†](#fn1){ref-type="fn"}) using the same technique in the spectroscopic mode. The good electrical contact required between the conductive AFM tip and the brush surface usually implies the application of relatively high loads on the AFM cantilever. However, for soft polymer brushes, especially low external loads should be applied in order not to push the tip through the brushes down to the ITO surface. Thus, all the experiments were performed using tuna Peak Force Tapping (PFT) mode, which enables control over the external load (which was kept close to zero, \<20 pN) during current measurements. The current map of the doped brushes ([Fig. 3B](#fig3){ref-type="fig"}) exhibits randomly distributed spots indicating high conductance, which is in line with homogenous coverage of the brush surface ([Fig. 3A](#fig3){ref-type="fig"}). The adhesion map ([Fig. 3C](#fig3){ref-type="fig"}) also supports homogenous distribution of the brushes on the surface without the presence of loosely bound deposits from the solution that would produce higher local contrast in the adhesion map. There is some spatial correlation between the high current and high adhesion spots observed, but topography convolution in the current image seems to be absent (Fig. S10[†](#fn1){ref-type="fn"}). This can be explained by the similar dependences of current and adhesion on the tip-surface contact area. It is also clear that at an external load near zero a good electrical contact between the tip and the brushes may be formed only due to attractive adhesive forces.

![Tuna-AFM mapping of the doped PMTEP-7 brush: (A) topography image, (B) current map at 25 mV DC sample bias, (C) adhesion map.](c4sc04048a-f3){#fig3}

Conductivity measurements at the nanoscale in the studied system rely on the electrical contact between the AFM tip and the conjugated part of the ladder-like brushes. This contact may vary from one curve to another as the conformations of the chains in the brushes are statistically distributed both in space and time. This also implies a broad distribution of the measured conductance (d*I*/d*U*) values for the studied brushes ([Fig. 4C--E](#fig4){ref-type="fig"}). Variations of the adhesion forces that influence the actual contact area between the tip and surface and the possibility of its temporal contamination may also contribute to broadening of the distribution.

![Histograms of d*I*/d*U* values collected for: (A) native ITO, (B) nonconductive PNIPAM brushes on an ITO surface, (C) doped PMTEP-3 brushes, (D) doped PMTEP-5 brushes and (E) doped PMTEP-7 brushes.](c4sc04048a-f4){#fig4}

Nevertheless, for the shortest brushes (PMTEP-3) the conductance was found to be very large, on the level of 10^3^ to 10^4^ pA V^--1^ ([Fig. 4C](#fig4){ref-type="fig"}). The value at the maximum of the histogram is even larger than for bare ITO ([Fig. 4A](#fig4){ref-type="fig"}) since the effective contact area should be larger in the case of the pliable polymer brushes than stiff ITO.^[@cit47]^ It is worth mentioning that the values of conductance obtained for ITO (10^3^--10^4^ pA V^--1^) resulted in its conductivity on the level of 10^6^ S m^--1^, which correlates very well with the literature values.^[@cit48]^ Additionally, the histogram for ITO is much narrower than the one for PMTEP-3, as contact between two solid surfaces may be established in a more reproducible manner. However, in order to rule out a possible short circuit between the tip and the supporting ITO surface in the case of the doped PMTEP-3 brushes, we have performed the same conductivity measurements for non-doped PMTEP and nonconductive PNIPAM brushes of similar height (≈3 nm). As can be judged from the histogram ([Fig. 4B](#fig4){ref-type="fig"}), the PNIPAM layer effectively blocks current flow as the majority of the curves showed no or very little conductance (some high conductance events observed in the histogram of PNIPAM may be the result of establishing some contacts with ITO surface). Qualitatively the same results were obtained for non-doped PMTEP-3. Thus, it is clear that the measured conductance for the doped PMTEP-3 sample should be assigned to the conductive brushes themselves (some contribution of ITO cannot be excluded). Based on the measured d*I*/d*U* values one may estimate the specific conductance for the doped brushes to be in the range 10^--1^--10^0^ S m^--1^ (see ESI[†](#fn1){ref-type="fn"}), which is several orders of magnitude higher than those measured for similar iodine doped poly(ethynylpyridine)s synthesized in solution (10^--6^--10^--5^ S m^--1^).^[@cit42],[@cit43]^ It seems that the orientation of the conjugated macromolecules plays a key role in the efficient transport of charge carriers. Such high conductance may be explained by the elongated conformation of the chains in the brushes and the high effective conjugation length, leading to directional charge transport along single macromolecules that cannot be realized in bulk. Even if some bridging between the neighboring chains after QP cannot be excluded, the conjugation may still be preserved, enabling efficient electron flow along the chain ([Scheme 3](#sch3){ref-type="fig"}). Importantly, in such brushes sandwiched between the AFM tip and ITO surface, intramolecular charge transport may be dominant over intermolecular hopping, which is the factor limiting the bulk conductivity of conjugated polymers.

![Schematic representation of the ladder-like conjugated brushes grafted from a surface and directional electron flow along the conjugated chains.](c4sc04048a-s3){#sch3}

For the taller brushes, PMTEP-5 and PMTEP-7, the distribution of the conductance values is much broader compared to that of PMTEP-3. This is not surprising since more variations in establishing tip-brush contact are possible for longer chains. In addition, the level of doping may vary locally, and breaking of the conjugation along the brush chains is more likely for longer chains. Nevertheless, the majority of the curves exhibited conductance values in the range of 10^1^ to 10^4^ pA V^--1^, which results in a conductivity in the range of 10^--3^ to 10^0^ S m^--1^, which is still much larger than the values reported for similar polymers in bulk.

Conclusions
===========

We applied here the concept of self-templating surface-initiated polymerization to the synthesis of ionic conjugated polymer brushes serving as suface-grafted molecular wires. A newly synthesized bifunctional monomer was used in the controlled photoiniferter-mediated polymerization, resulting in the formation of multimonomer surface-grafted chains with polymerizable ethynylpyridine pendant groups. Those groups aligned along the template chains were subsequently polymerized using catalyst-free quaternization polymerization, leading to charged ladder-like brushes with conjugated poly(ethynylpyridine) chains. After doping with iodine, the brushes exhibited high conductivity (10^--1^ to 10^0^ S m^--1^ for the shortest chains) in the direction perpendicular to the surface as determined using tuna-AFM. Brushes of various heights were prepared and their electrical conductance was found to decrease with increasing brush height. Even so, the obtained conductivity values were several orders of magnitude higher than those measured for similar polymers in bulk, which emphasizes the importance of the ordering of the chains for the electrical performance of the polymer layers. Due to their relatively long conjugation and ionic nature, these brushes have potential as materials for mixed ionic and electronic conductivity, suitable for energy storage or photovoltaics applications. The proposed approach is very versatile as various polymerizable groups forming conjugated chains may be aligned along the templates and form conductive polymers. The proof of concept of ST-SIP presented here may be easily extended to other relevant surfaces and polymerizable side groups and is easily adaptable for soft lithographic techniques. The formation of conjugated brushes of various architectures (*e.g.*, block conjugated brushes, mixed brushes, gel brushes) is straightforward using this approach. This synthetic approach offers great tunability in the properties of the brushes by changing the chemistry of the monomer, the nature of the quaternizing agent, or the type of counterion used. Importantly, conjugated chains with the ladder-like architecture seem to be less prone to electrical instabilities compared to conventional conductive layers based on polymeric materials, as the tuna-AFM measurements here were performed at ambient conditions. The presented method of fabrication of conductive molecular wires oriented perpendicularly to the surface may significantly contribute to the development of molecular electronics and photovoltaics.
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